Adult stem cells uphold a delicate balance between quiescent and active states, a deregulation of which can lead to age-associated diseases such as cancer. In Drosophila, intestinal stem cell (ISC) proliferation is tightly regulated and mis-regulation is detrimental to intestinal homeostasis. Various factors are known to govern ISC behavior; however, transcriptional changes in ISCs during aging are still unclear. RNA sequencing of young and old ISCs newly identified Nipped-A, a subunit of histone acetyltransferase complexes, as a regulator of ISC proliferation that is upregulated in old ISCs. We show that Nipped-A is required for maintaining the proliferative capacity of ISCs during aging and in response to tissue-damaging or tumorigenic stimuli. Interestingly, Drosophila Myc cannot compensate for the effect of the loss of Nipped-A on ISC proliferation. Nipped-A seems to be a superordinate regulator of ISC proliferation, possibly by coordinating different processes including modifying the chromatin landscape of ISCs and progenitors.
INTRODUCTION
As a result of constant exposure to outside pathogens and harmful agents ingested with food, the gastrointestinal (GI) tract is inherently susceptible to a number of environmental insults throughout a lifetime. The functional and structural integrity of the intestinal epithelial lining is fundamental for normal GI function and is maintained and continually regenerated by adult stem cells. During aging, there is a progressive loss of intestinal homeostasis leading to impaired function and a higher probability of developing diseases such as cancer. One of the reasons for the loss of tissue homeostasis in mammals is speculated to be an altered stem cell behavior (Kirkwood, 2004; Saffrey, 2014) ; however, the exact effects of aging on the number and function of intestinal stem cells remains largely unclear. In recent years, Drosophila has become a prominent model organism to study mechanisms of regeneration and aging in the intestine (Jasper, 2015) . Intestinal stem cells (ISCs) of the adult Drosophila midgut are vital for maintaining midgut homeostasis (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . A variety of mitogenic and stress signals induce a proliferative response in ISCs, which serves to replenish lost or damaged cells (Bonfini et al., 2016) . During aging, Drosophila ISCs become hyperproliferative, resulting in tissue dysplasia (Biteau et al., 2008; Choi et al., 2008; Park et al., 2009) . Studies have shown that chronic inflammation within the midgut epithelium, promoted by a loss of symbiosis with commensal bacteria, results in elevated ISC proliferation, contributing to midgut dysplasia (Buchon et al., 2009; Guo et al., 2014) . In contrast, limiting ISC proliferation during aging can significantly extend lifespan, signifying the importance of a balanced proliferative capacity of stem cells in maintaining intestinal homeostasis (Biteau et al., 2010; Guo et al., 2014; Rera et al., 2011; Wang et al., 2014) .
In young, healthy flies, ISCs divide and generate a self-renewed ISC, which expresses the Notch (N) ligand Delta (Dl), and a postmitotic progenitor cell called the enteroblast (EB). Upon division, Dl protein accumulates in the future ISC and is quickly downregulated in the EB, which in turn activates N signaling, initiating differentiation (Ohlstein and Spradling, 2007; Perdigoto et al., 2011) . The EB differentiates into one of the two cell types of the gut, either into an enterocyte (EC) or an enteroendocrine (EE) cell. A substantial amount of work has shed light onto signaling pathways that regulate ISC proliferative activity in young flies including the EGFR, Insulin-like receptor (InR), p38 MAPK, Hippo, JAK/Stat and Jun-N-terminal kinase (JNK) signaling pathways . In old flies, the molecules involved in perturbing the proliferative balance of ISCs remain to be fully elucidated. It is well accepted that, during aging, stem cells encounter both intrinsic and extrinsic changes. However, how stem cells adapt to cope with these changes, specifically in terms of altering epigenetic and transcriptional programs, remains an intriguing question. Endogenous transcriptional changes occurring in aged ISCs have not been studied in much detail in either the mammalian or Drosophila intestine. To address this question, we analyzed and compared the transcriptome of sorted cell populations enriched for ISCs from young and old Drosophila midguts. The data show an array of significant transcriptional changes in aged ISCs that provide first clues as to which genes hold important roles in the regulation of ISC behavior during aging.
Accumulating evidence suggests that changes in chromatin structure, including histone acetylation, are involved in the progression of aging (Feser and Tyler, 2011) . However, to date, only few studies have investigated chromatin modifiers in the process of regulating ISC behavior in Drosophila (Amcheslavsky et al., 2014; Buszczak et al., 2009; Jin et al., 2013; Ma et al., 2013; Zeng et al., 2013) . Nipped-A is the Drosophila homolog of mammalian transformation/transcription domain-associated protein (TRRAP) and yeast Tra1 and is an important subunit of histone acetyltransferase (HAT) complexes such as SAGA and Tip60 (Gause et al., 2006; Kusch et al., 2003; Murr et al., 2007) . TRRAP/ Tra1 is thought to function mainly as a scaffold for facilitating protein-protein interactions and recruiting various regulatory complexes to chromatin (Murr et al., 2007) . Consistently, TRRAP has been shown to play a role in chromatin-based processes such as transcription, DNA repair and replication; however, its role in the context of aging remains to be investigated (Murr et al., 2007) . The function and biological importance of Drosophila Nipped-A is largely uncharacterized on a tissue-and cell-specific level. So far it has only been shown that Nipped-A promotes N signaling activity in wing development (Gause et al., 2006) .
Here, we identify Nipped-A as a newly discovered regulator of ISC proliferation during aging. Since Nipped-A transcripts were upregulated significantly in old ISCs, we knocked down Nipped-A in the ISCs and their progenitors to analyze the effects on midgut homeostasis. We show that reducing Nipped-A prevents the ageinduced hyperproliferation of ISCs. Additionally, knocking down Nipped-A inhibits tumor growth induced by the small GTPase Ras as well as the proliferative response to tissue-damaging agents. Finally, we demonstrate that Nipped-A regulates global histone acetylation, thereby affecting chromatin-based processes that might also influence cell cycle regulation. Taken together, this work provides insight into transcriptional differences that potentially drive ISC aging and, with Nipped-A, uncovers a factor whose balanced expression is crucial for normal ISC proliferation.
RESULTS

Genetic changes in aging Drosophila ISCs
To identify genes that are important for regulating ISC aging, we examined endogenous changes in the transcriptome of young versus old ISCs. We isolated the ISCs by FACS according to our previously published protocol using the esg-GAL4, UAS-GFP fly line, in which GFP is expressed in both ISCs and EBs (Tauc et al., 2014; Yagi and Hayashi, 1997) . In short, FACS analyses showed that the GFP + cells separate into two distinct populations based on GFP intensity and cell size. The cell population containing smaller, less granular cells with lower GFP intensity represents the population that is enriched for ISCs. Importantly, the distinct GFP expression profile of ISCs and EBs can be distinguished by FACS throughout aging (Tauc et al., 2014) . For comparing the expression profile, we sorted cell populations enriched for ISCs from young (6-8 days old) and old (59-65 days old) midguts. Cells from three different batches of young and old midguts were subjected to nextgeneration RNA sequencing (RNA-seq).
Results from the RNA-seq revealed that the expression of the majority of genes remained unchanged in old samples. Fig. 1A shows a Bland-Altman plot where genes whose expression changed at least twofold [false discovery rate (FDR) of <0.05] during aging are depicted in red. Out of the 8165 genes detected and sequenced, ∼7% (580 genes) are significantly changed during aging (Fig. 1A) . 73% of these genes are upregulated whereas 27% are downregulated (Fig. 1A) . A gene ontology (GO) annotation analysis shows that the most overrepresented GO terms describe G-protein and neuropeptide signaling processes. The top ten of the enriched GO annotations are shown in Fig. 1B .
The genes that were identified by our RNA-seq analysis as being significantly differentially regulated during aging are attractive candidates to be studied further with respect to their function in aging. Of the top 40 most differentially expressed genes, we chose candidate genes that had a high counts per million (CPM) value, indicating a strong average expression. After an initial verification by qPCR and analyses of phenotypes after RNAi knockdown of different candidates, we chose to investigate Nipped-A because there is very little known about its function in Drosophila.
Nipped-A is required for the proliferative activity of ISCs and progenitor cells during aging
The RNA-seq results indicated an almost sixfold increase in Nipped-A mRNA transcripts in old ISCs compared with young ISCs. We confirmed a fourfold increase of Nipped-A mRNA transcripts by qPCR on FAC-sorted ISCs from young and old midguts (Fig. 1C) . To examine the role of Nipped-A in ISCs and progenitor cells during aging, we used RNAi to knock down Nipped-A in esg-GFP + cells using the TARGET system (McGuire et al., 2003) . We tested four Nipped-A RNAi fly lines and chose the Genes exhibiting a significant change in expression, marked in red, were based on a false discovery rate (FDR) cutoff of 0.05. The horizontal lines demarcate a twofold difference in expression. The percentage of differentially expressed genes is depicted in the upper pie chart, and whether these were up-or downregulated is depicted in the lower pie chart. (B) Top ten GO terms that were enriched for in the RNA-seq. (C) Quantification of the increase in Nipped-A expression in ISCs during aging by real-time qPCR. RNA for qPCR was extracted from three biological replicates. The graph shows the mean±s.d. Statistical significance was calculated using the Student's t-test; **P=0.0045.
Nipped-A RNAi line TRiP #34849 to conduct all experiments in this study (Fig. S1 ). The expression of Nipped-A RNAi was induced in the esg-GFP + cells in 6-8-day-old flies using esg-GAL4, UAS-CD8GFP, tub-GAL80 ts (esg ts >GFP) by shifting the flies to 29°C. During aging, the percentage of esg-GFP + cells in control midguts increased as expected. Knocking down Nipped-A, however, resulted in a progressive and significant loss of esg-GFP + cells over time ( Fig. 2A-E) . Interestingly, in contrast to control flies, we observed a concomitant and significant decrease in the proportion of Dl + cells within the esg-GFP + cell population after knocking down Nipped-A (Fig. 2F) . Accordingly, we also observed a decrease in the proportion of cells with active N signaling over time as determined by using the NRE-mCherry N reporter fly line in combination with the esg ts >GFP fly line (Fig. 2G-L) . After 4 days of Nipped-A RNAi expression, the percentage of cells active for N signaling was similar to the controls (Fig. 2G-H′,L) . After 28 days we observed a significant increase in the proportion of N signalingactive cells in control midguts in addition to an overall increase in esg-GFP + cells (Fig. 2I-L) . This is consistent with a previous study showing an increase in N signaling in old midguts (Biteau et al., 2008) . Knocking down Nipped-A for 28 days resulted in a significant reduction of cells that exhibited N signaling activity in addition to the reduction of overall esg-GFP + cells. Additionally, we performed this analysis using FACS as an unbiased method to measure the percentages of esg-GFP + cells and esg-GFP + /NREmCherry + cells from whole midguts after 4 and 28 days of Nipped-A RNAi expression. The results of the FACS analysis reflect the percentages of those counted manually in the posterior midgut (Fig. S2) . Taken together, the results show that Nipped-A is required for maintaining ISCs and EBs during aging.
Nipped-A is required for ISC clone growth and differentiation
To further characterize the function of Nipped-A in ISCs, we used mosaic analysis with a repressible cell marker (MARCM) to analyze the nature of ISCs and their progeny after knocking down Nipped-A. Due to the close proximity of the Nipped-A gene to the centromere, we were unable to recombine genomic Nipped-A mutants into a corresponding FRT fly line and instead utilized the Nipped-A RNAi construct for reducing Nipped-A expression in MARCM clones. GFP-marked clones in the posterior half of the midguts were analyzed 3, 7, 14 and 28 days after clone induction (ACI). Three days ACI, the majority of both control and Nipped-A RNAi clones contained one or two cells. Over time, the size of control clones increased, resulting in a higher number of clones containing 3-5 cells or ≥6 cells per clone. In contrast, the majority of Nipped-A RNAi clones remained single-cell clones at all time points (Fig. 3A -E). Starting at 7 days ACI, ∼20% of the Nipped-A RNAi clones contained two cells and 10% of the clones contained 3-5 cells. Only a very low percentage of clones grew and contained six or more cells. This result suggests that Nipped-A RNAi ISC clones have a restricted capacity to divide and generate progeny. Notably, clones expressing Nipped-A RNAi were still present after 28 days ACI, implying that Nipped-A is not required for cell survival.
To determine how many cells within each clone were stem cells or stem cell-like, we analyzed Dl expression. An ISC can divide asymmetrically to produce a renewed Dl + stem cell and an EB (Dl − ), or symmetrically to produce either two Dl + stem cells or two EBs (de Navascues et al., 2012; O'Brien et al., 2011) . We analyzed Dl expression in clones at 7 days ACI and found that for single-cell clones, the number of clones that were Dl + (∼30%) did not differ between control and Nipped-A RNAi clones (Fig. S3 ). The majority of the control clones that contained 2-5 cells had one Dl + cell per clone, indicating that most ISC divisions occur asymmetrically ( Fig. 3F ,F′,J). In contrast, the proportion of clones that had either no Dl + or two Dl + cells increased when Nipped-A was knocked down (Fig. 3G ,G′,J). The increase of clones containing no Dl + cell demonstrates that Nipped-A is required for maintaining ISC identity. This finding also correlates with the loss of Dl + cells we observed upon knocking down Nipped-A in the esg-GFP + cells (see Fig. 2F ). The increased proportion of clones containing either two Dl + cells or none after Nipped-A knockdown could be due to an altered binary fate decision, resulting in an increase in symmetrical divisions. However, most Nipped-A RNAi clones remained single cells, a significant portion of which expressed Dl. Therefore, we hypothesized that Nipped-A has a more important role in the ability of ISCs to proliferate than in its binary fate decision.
Since the majority of Nipped-A RNAi clones remained small single cells over time, 70% of which were Dl − at 7 days ACI, we addressed the possibility that they had directly differentiated into EE cells. Therefore, we analyzed the EE cell marker Prospero (Pros) and found that at 7 days ACI, there were significantly fewer Nipped-A RNAi clones that contained a Pros + cell (Fig. 3H-I′,K) . From these results we conclude that Nipped-A RNAi clones do not differentiate into EE cells. We also analyzed whether Nipped-A RNAi clones can differentiate into ECs. For this analysis, we defined ECs as having a nuclear diameter of more than 7 µm (Bardin et al., 2010) . The majority of single-and two-cell clones did not contain a large EC-like cell in both control and Nipped-A RNAi clones (Fig. S3) . For clones that contained three or more cells, we observed that there were significantly fewer clones with an EC-like cell after knocking down Nipped-A (Fig. 3L) .
In summary, our observations suggest that Nipped-A can regulate ISC identity and is required for progenitor differentiation. Importantly, the clonal analysis strongly suggests a cell-autonomous role for Nipped-A in regulating ISC proliferation.
Nipped-A is required for ISC proliferation
Knocking down Nipped-A in either the esg-GFP + progenitor cells in whole midguts or in clones resulted in a decrease of esg-GFP + cells and small clone size during aging. To determine whether Nipped-A is required for normal proliferation of the ISCs, we performed EdU incorporation assays after 4 and 28 days of Nipped-A RNAi expression using esg ts >GFP and quantified the number of phosphorylated histone 3 (PH3)-positive cells per midgut. After 4 days of Nipped-A RNAi expression, the number of EdU + cells and the number of PH3 + cells per midgut was higher than in controls ( Fig. 4A-B′,E) . This observation suggests that Nipped-A might be required for maintaining ISC quiescence under homeostatic conditions in young flies. We tested three additional Nipped-A RNAi lines to verify the increase of EdU + cells at four days (Fig. S4) . We found that only one RNAi line had this effect in this assay and interestingly, also revealed potential regional differences. Hence, this observation should be interpreted with caution. After 28 days of Nipped-A RNAi expression, the number of EdU + cells as well as the number of PH3 + cells per midgut decreased significantly (Fig. 4C-E) .
To exclude the possibility that the esg-GFP + cells undergo apoptosis after knocking down Nipped-A, we performed TUNEL assays and analyzed posterior midguts after 4 and 28 days of Nipped-A RNAi expression (Fig. 4F-I′) . We did not observe a notable difference in the number of apoptotic esg-GFP + cells between the posterior midguts of control flies and after knocking down Nipped-A (Fig. 4J) . As a positive control we used midguts dissected from bleomycin-fed flies, which exhibited a prominent increase in apoptotic cells as compared with the sucrose-fed controls (Fig. S5) . These results indicate that the observed loss of esg-GFP + cells after knocking down Nipped-A is not due to an increase in apoptosis. Taken together, the results demonstrate a requirement for Nipped-A in maintaining the proliferative activity of ISCs during aging.
Deregulated proliferation is one of the hallmarks of tumor formation. Tumor formation in the midgut can be induced genetically, for example by overactivating the mitogenic EGFR signaling pathway or inhibiting N signaling (Ohlstein and Spradling, 2007; Jiang et al., 2011; . Thus, we asked whether manipulating these pathways in the ISCs and progenitor cells could overcome the loss of proliferation after Nipped-A knockdown. Knocking down N using N RNAi in esg-GFP + cells leads to tumors consisting of ISCs and EEs after 14 days. Knocking down both Nipped-A and N in the esg-GFP + cells notably decreased the formation of tumors after 14 days (Fig. S6) . Hence, Nipped-A is required for the proliferative response of the ISCs after blocking N signaling.
Next, we expressed a construct of the small GTPase Ras that is constitutively active, UAS-Ras ACT (hereafter Ras ACT ), using esg ts >GFP to activate EGFR signaling in the progenitor cells. After 4 days of expressing Ras ACT , we observed robust ISC proliferation and esg-GFP + cell accumulation (Fig. 5A ,A′,C). When Nipped-A RNAi was co-expressed with Ras ACT , ISC proliferation was dramatically reduced after only 4 days of coexpression (Fig. 5B,C) . After 14 days of co-expressing Ras ACT and Nipped-A RNAi, there were only a few remaining esg-GFP + cells within the entire midgut (Fig. 5D-E″) . Additionally, we noticed that many of the esg-GFP + cells were larger in size and had large nuclei (arrows in Fig. 5B,B′) . This is an interesting observation because Ras is known to be involved in cell growth (Prober and Edgar, 2000) . Thus, cell growth induced by Ras does not seem to be influenced by the loss of Nipped-A, suggesting a specific role for Nipped-A in cell division. Taken together, these observations led us to conclude that Nipped-A is essential for ISC proliferation during aging and upon tumorigenic stimulation.
Myc cannot rescue the proliferation defect in the absence of Nipped-A
We next asked whether Nipped-A is also necessary for ISC proliferation during midgut regeneration. Dextran sulfate sodium (DSS) and bleomycin cause a strong proliferative response in ISCs upon ingestion. DSS was shown to affect ISCs through disrupting the basement membrane and acting through the Hippo pathway effector Yorkie in ISCs and EBs (Amcheslavsky et al., 2009; Ren et al., 2010) . The DNA-damaging agent bleomycin has been shown to act primarily in the ECs, triggering ISC proliferation via JAK/ STAT and EGFR signaling pathways (Amcheslavsky et al., 2009; Ren et al., 2010) . The signaling pathways that are activated by DSS and bleomycin and mediate the response to both chemicals converge on and require Drosophila Myc in the progenitor cells (Cordero et al., 2012; Ren et al., 2013) . To assess the capacity of ISCs to respond to these agents, flies at 4 days of Nipped-A RNAi expression were fed either a 5% sucrose solution or 5% sucrose solution containing 5% DSS or 25 µg/ml bleomycin for two days. As expected, quantification of the PH3 + cells per midgut showed that the ISCs in control midguts mounted a strong proliferative response to both chemical agents (Fig. 6A, gray bars) . Reducing Nipped-A expression in ISCs resulted in a strong decrease in proliferative cells compared with controls as early as 4 days (Fig. 6A, red bars) . These results indicate an important role for Nipped-A in the esg-GFP + cells not only for maintaining ISCs over time, but also for the proliferative response induced by tissuedamaging agents in young flies.
As Myc has a pivotal role in the response to tissue damage as well as in normal ISC maintenance and proliferation, we asked whether overexpressing Myc could rescue the Nipped-A RNAi phenotype in tissue regeneration and during aging. Interestingly, this was not the case. Co-expression of Myc and Nipped-A RNAi did not rescue the ISC proliferation defect caused by knocking down Nipped-A in response to DSS or bleomycin (Fig. 6A, green bars) . Of note, overexpression of Myc alone in the esg-GFP + cells did not further augment the proliferative response of ISCs upon DSS or bleomycin treatment as measured by the number of PH3 + cells per midgut (Fig. 6A, blue bars) . Consistently, overexpressing Myc alone for 30 days resulted in similar numbers of esg-GFP + cells as in the control midguts (Fig. 6B ,B′,D,D′). Also in aged midguts, coexpressing Myc and Nipped-A RNAi did not rescue the loss of esg-GFP + cells caused by reduced Nipped-A (Fig. 6C ,C′,E,E′). Since the mammalian homolog of Nipped-A, TRRAP, can bind MYC and was shown to facilitate MYC binding to chromatin and activating target genes, including cell cycle genes (Bouchard et al., 2001; Frank et al., 2001; Liu et al., 2003; McMahon et al., 1998; Park et al., 2001) , we used qPCR to test whether knocking down Nipped-A affects the transcriptional function of Myc by analyzing the expression of several Myc targets in sorted esg-GFP + cells. Unexpectedly, not only was the expression of Myc itself significantly upregulated after knocking down Nipped-A, several of its target genes including Cdk4, Rbf, Taf60-2 (also known as mia) and HP1b were also upregulated (Orian et al., 2003) (Fig. 6F) . Other Myc target genes involved in the cell cycle included Cyclin A and Cyclin B, the expression of which remained unchanged. These results indicate that the transcriptional activity of Myc in regulating cell cycle gene expression seems to be unchanged or even upregulated. Additionally, we examined cell cycle regulators such as Cyclin D, Cyclin E and mad2, most of which were upregulated upon Nipped-A knockdown (Fig. 6F) . Taken together, the expression of most of the tested Myc targets, as well as other cell cycle genes, were significantly upregulated after knocking down Nipped-A. Thus, our findings indicate that the defect in cell division is independent of the transcriptional activity of these genes and is due to an effect of reduced Nipped-A downstream or parallel to Myc.
Nipped-A modulates global acetylation of H3 and H4
As Nipped-A was identified to be a component of HAT complexes such as the Tip60 and the SAGA complex in Drosophila (Kusch et al., 2003) , we hypothesized that reducing Nipped-A affects histone acetylation in midgut progenitor cells. To test this, we investigated the global acetylation status of histone 3 (H3) and histone 4 (H4) (Fig. 7) . Upon analyzing the staining intensity of H3Ac and H4Ac in esg-GFP + cells, we observed that at 14 and 28 days of Nipped-A knockdown, there is a reduction of H3Ac and H4Ac. The reduction of staining intensity for H3Ac was more pronounced (∼50-60% lower than controls) compared with the reduction of staining intensity for H4Ac (∼30% lower than controls) (Fig. 7E,J) . In addition, we tested the acetylation status of H3K27 (Fig. S7) , an active histone mark that has been associated with increased proliferation in colon cancer and deregulated Ras signaling (Karczmarski et al., 2014; Nabet et al., 2015) . Strikingly, knocking down Nipped-A led to a dramatic decrease in H3K27Ac after 14 and 28 days (Fig. S7) . These data support a role for Nipped-A in maintaining the global acetylation status of H3 and H4 in ISCs during aging, including acetylation marks that are potentially important for regulating the proliferative capacity of ISCs.
DISCUSSION
Loss of tissue integrity and function is a detrimental process affecting the health of individuals during aging. In Drosophila, the aging midgut epithelium is characterized by ISC hyperproliferation accompanied by EB mis-differentiation and tissue dysplasia (Biteau et al., 2008) . Our RNA-seq analysis aimed to identify endogenous changes in the transcriptome profiles of young and old ISCs. The results uncovered 580 differentially regulated genes that are potentially important in maintaining ISC integrity and function throughout aging. Among the differentially expressed genes, Nipped-A transcripts were significantly upregulated in aged ISCs. The only previous study exploring the function of Nipped-A in Drosophila showed that it positively regulates N signaling in wing development (Gause et al., 2006) . Interestingly, our findings do not support a role for Nipped-A in promoting N signaling in midgut ISCs as knocking down Nipped-A did not phenocopy the N loss-offunction phenotypes. This indicates that Nipped-A most likely functions differently on a molecular level depending on the cellular context. We did observe a gradual decrease in both Dl + cells and cells active for N signaling within the esg-GFP + cell population after knocking down Nipped-A. This effect can be attributed to a loss of ISC maintenance and/or identity over time as well as to the loss of proliferative capacity after Nipped-A reduction.
Since the RNAi knockdown of Nipped-A prevented the ageinduced hyperproliferation of ISCs, our findings indicate that the endogenous upregulation of Nipped-A in old ISCs contributes to the hyperproliferation of ISCs in aged midguts. We further propose that Nipped-A is required for preserving ISC integrity under elevated stress conditions, which also occur during aging. This conclusion is supported by reduced EdU incorporation over time and reduced numbers of mitotic cells after challenging midguts with stressinducing chemicals upon Nipped-A reduction. Furthermore, the dramatic hyperproliferation of ISCs induced by activating Ras signaling or by inhibiting N signaling was essentially abolished when Nipped-A was reduced. The effect of knocking down Nipped-A does not seem to be specific to a particular signaling pathway; therefore, Nipped-A regulates either a crucial factor or a global mechanism to allow proliferation.
Taking into account the versatility of Myc function, and particularly its importance in ISC cell division (Ren et al., 2013) , we tested whether overexpressing Myc could rescue the Nipped-A RNAi phenotype. Overexpression of Myc failed to rescue the proliferation defect caused by knocking down Nipped-A, suggesting that Nipped-A elicits its function downstream of or parallel to Myc. Interestingly, although Myc was shown to be essential for proliferation in ISCs, overexpression of Myc alone did not induce ISC overproliferation (Ren et al., 2013) . This finding is consistent with our data showing that overexpression of Myc does not further enhance the proliferative response of the cells to tissue-damaging reagents.
Mammalian TRRAP is known to bind MYC (McMahon et al., 1998; Park et al., 2001 ) and the recruitment of HAT complexes by TRRAP was shown to be essential for MYC to activate its target genes and drive oncogenesis (Liu et al., 2003; Park et al., 2001 ).
Therefore, it is possible that Nipped-A and Myc interact in a multiprotein complex to drive proliferation, which could possibly explain why overexpression of Myc alone is not sufficient to induce hyperproliferation. Ideally this hypothesis could be tested by cooverexpressing Myc and Nipped-A. Unfortunately, Nipped-A is a large protein (3790 aa), bearing challenges for generating the fly lines needed to answer this question.
Considering that Myc might require Nipped-A to interact with and jointly activate gene expression, it was unexpected to see an upregulation in mRNA expression of most of the tested Myc target genes, as well as Myc itself, upon Nipped-A knockdown. These results indicate that Myc can transcriptionally activate at least a subset of its targets in the absence of Nipped-A. Interestingly, this upregulation of Myc as well as other cell cycle genes is not sufficient to drive proliferation of the ISCs. Moreover, additional crucial cell cycle genes were expressed at normal or higher levels after Nipped-A knockdown, indicating that the lack of proliferation is not due to a reduction in expression of these genes. Thus, the mechanism by which Nipped-A regulates proliferation in Drosophila ISCs seems to be distinct from that of TRRAP in some mammalian stem cell populations (Bouchard et al., 2001; Li et al., 2004; Tapias et al., 2014; Wurdak et al., 2010) .
It is possible that Nipped-A regulates a process or a distinct set of genes that are important for downstream cell cycle events such as cytokinesis. We did notice some nuclei with an aberrant morphology after reducing Nipped-A in ISCs and EBs. The morphology was reminiscent of nuclei in TRRAP-deficient mouse embryonic fibroblasts, which were characterized by a defective spindle assembly checkpoint and chromosome mis-segregation (Herceg et al., 2001; Li et al., 2004) . Consistently, two independent screens identified Nipped-A to be important for mitosis (Echard et al., 2004; Somma et al., 2008) . Knocking down Nipped-A in S2 cells induced the formation of multi-nucleated cells, indicating problems with cytokinesis (Echard et al., 2004) , as well as low microtubule density and impaired chromosome segregation, indicating mitotic spindle instability (Somma et al., 2008) . These findings offer an additional explanation, at least in part, for the impaired cell proliferation after Nipped-A knockdown, and open an avenue for further investigation.
To date there have been few reports that examined the epigenetic state of the chromatin in ISCs and EBs, and how it is regulated. With regard to proliferation and acetylation, there is a known cross-talk between the cell cycle regulatory machinery and proteins regulating histone acetylation . We show that global acetylation of both H3 and H4 is reduced after 14 and 28 days of Nipped-A knockdown. Interestingly, the maintenance of acetylated H3 was found to be important for regulating ISC proliferation as well as ISC identity (Amcheslavsky et al., 2014) . Thus, it is tempting to speculate that the reduction of H3Ac upon Nipped-A knockdown contributes to the observed loss of ISC identity and proliferation. A recent report found an increase in H3K27Ac at enhancers of genes that were important for oncogenesis after induction of HRas G12V in mouse embryonic fibroblasts (MEFs) (Nabet et al., 2015) . Also, H3K27Ac has been shown to be upregulated in colon cancer (Karczmarski et al., 2014) . Thus, increased levels of H3K27Ac are associated with increased proliferation. Upon Nipped-A knockdown this mark is significantly less acetylated. Taken together, Nipped-A seems to maintain histone acetylation in ISCs and EBs. Thus, the increased expression of Nipped-A in old ISCs could contribute to aberrant gene expression and excess proliferation in aged midguts.
In summary, using RNA-seq to analyze the transcriptome of young and old ISCs, this work provides new perspectives on endogenous changes in ISCs during aging. With Nipped-A, we have newly identified a factor that becomes endogenously upregulated in ISCs during aging and whose expression level seems to be vital for regulating ISC proliferation, especially under high proliferative stress. Our data demonstrate that Nipped-A is a crucial component required for cell division as the activation of pivotal mitogenic signaling pathways, such as EGFR, is unable to drive proliferation in the absence of Nipped-A. Intriguingly, the key factor involved in cell cycle progression, Myc, can still activate its target genes in the absence of Nipped-A; however, this is not sufficient for ISC proliferation. Additionally, we show that Nipped-A regulates global histone acetylation, suggesting that Nipped-A exerts its function by modulating chromatin accessibility to regulate ISC division and/or ISC identity. Taken together, our findings shed light onto the transcriptional differences that potentially drive ISC aging and, with Nipped-A, uncover a new level of regulating ISC proliferation.
MATERIALS AND METHODS
Drosophila stocks and crosses
The following fly lines were obtained from the Bloomington Drosophila Stock Center: w 1118 (5905), UAS-Nipped-A-RNAi (34849), UAS-N-RNAi >GFP; UAS-Nipped-A-RNAi males for the co-expression experiments. All crosses were kept at 18°C and freshly eclosed progeny were collected over two days. Mated females were transferred to 29°C 6-8 days after eclosion and aged at 29°C to desired time points. Flies at 29°C were transferred to fresh medium every 2-3 days.
For MARCM (Wu and Luo, 2007) lineage analysis experiments, virgins from the hsFLP, FRT19, tub-GAL80; tub-GAL4, UAS-GFP fly line were crossed with yw, neoFRT 19A;;UAS-Nipped-A-RNAi or yw, neoFRT 19A (controls). Flies were kept at 25°C after hatching and 5-7-day-old mated female flies were heat-shocked at 37°C for 45 min to induce clone formation.
FACS, RNA sequencing and qPCR
For the RNA sequencing, flies from the esg-GAL4, UAS-GFP (N 1099) fly line were kept at 25°C and the food was changed every two to three days. Cells were isolated from young (6-8 days) and old (59-65 days) midguts and GFP-positive cells were sorted by FACS (FACSAria II cell sorter, BD Biosciences) for the ISC-enriched population as described in Tauc et al. (2014) . ISCs from three independent batches of young and old flies were sorted into RNAlater solution (Ambion), snap-frozen in liquid nitrogen and sent to MFT Services (Tübingen) for next-generation RNA sequencing.
The FACS method was also used to quantify the number of GFP + and GFP + /mCherry + cells isolated from whole midguts for supplemental experiments (using FACS Canto II, BD Biosciences).
For qPCR experiments, RNA was extracted from sorted ISCs (at least 40,000 cells) using RNAzol B solution (Wak-chemie Medical GmbH) and chloroform, followed by an overnight precipitation with isopropanol. cDNA was generated from template mRNA using the QuantiTect Reverse Transcription kit (Qiagen). Samples were prepared in Power SYBR Green Master Mix (Applied Biosystems) and quantitative PCR was performed using 7300 Real-Time PCR System (Applied Biosystems). A list of all primers used can be found in Table S1 .
EdU incorporation assay and chemical feeding experiments
For EdU incorporation assays, flies were placed into empty vials that contained Whatman paper (area ∼4 cm 2 ) wet with a water solution containing 5% sucrose (250 µl) and 100 µM EdU (Baseclick) for 24 h. Whole intestines were then dissected and fixed in 4% PFA for 30 min at room temperature. The rest of the procedure was performed according to the manufacturer's instructions.
For the chemical feeding experiments, the same setup was used as for the EdU experiments; however, instead of EdU, the sucrose solution contained either 5% dextran sulfate sodium (MP Biomedicals) or 25 µg/ml bleomycin (Merck Millipore). Flies were transferred to fresh medium once a day and dissected after 48 h of treatment.
Immunohistochemistry
For Pros and mCherry immunostainings, intestines were fixed in 1× PBS containing 10% formaldehyde for 20 min. Washes were performed using 1× PBS with 0.1% Triton X-100 (PBST) and PBST with 1% BSA used for blocking as well as for dilution of primary and secondary antibodies. For Delta stainings, intestines were fixed in a 1:1 (vol/vol) mixture of 4% PFA in 1× PBS and heptane for 15 min. The PFA solution was then replaced with 100% methanol and the heptane was removed. The intestines were then gradually rehydrated in 1× PBS with 0.1% Triton X-100 (PBST): 75%, 50%, 25% methanol in PBST, washed three times and blocked in PBST with 1% BSA for 1 h.
The following antibodies were used: rabbit anti-GFP (1:500; ab6556), chicken anti-GFP (1:1000; ab13970), rabbit anti-histone H3 (acetyl K27; 1:200; ab4729) (all from Abcam); mouse anti-GFP (1:500; 11814460001 Roche); rat anti-Delta (1:1000; generous gift from M. D. Rand, University of Rochester Medical Center, NY, USA), rabbit anti-living colors DsRed (mcherry; 1:500; 632496, Clontech); rabbit anti-phosphohistone H3 (1:500; 9701, Cell Signaling Technology); rabbit anti-acetyl-histone H3 (1:500; 06-599, Millipore); rabbit anti-acetyl-histone H4 (1:500; 06-866, Millipore); mouse anti-Prospero (1:1000; MR1A, Developmental Studies Hybridoma Bank). The following secondary antibodies (diluted 1:500) were used: Alexa Fluor 488-conjugated goat anti-rabbit or goat anti-mouse (111-545-003 or 115-545-003, respectively), Cy3-conjugated donkey anti-rat (712-165-150) or donkey anti-mouse (715-165-150) and DyLight 594-conjugated donkey anti-rabbit (711-515-152) (all from Dianova); Alexa Fluor 488-conjugated goat anti-chicken (A-11039, ThermoFisher).
Intestines were mounted using Immunoselect Antifading Mounting Medium DAPI (Dianova).
TUNEL staining
Whole intestines were dissected and fixed at room temperature in 1× PBS containing 4% PFA for 30 min. Samples were dehydrated to 100% methanol in four steps, rehydrated in four steps to PBST and washed three times. Samples were fixed a second time with 4% PFA for 15 min, washed with PBST and incubated for 1 h in 1× TdT buffer (Fermentas). This was followed by an overnight incubation at room temperature in 0.5 μM digoxygenin-d′UTP (Roche) and 150 U/ml TdT (Fermentas) in 1× TdT buffer. The samples were washed and the signal was detected by using Cy3-conjugated monoclonal mouse anti-Digoxin (1:500; 200-162-156, Dianova) secondary antibody.
Microscopy and image analysis
An epifluorescent Olympus microscope or a Leica SP5 II microscope was used for analyzing midgut specimens. For confocal microscopy, stacks of images were taken that were then further processed using ImageJ (NIH) and Photoshop (Adobe). For cell counting analyses, two stacks of images (63×) of the posterior midgut were taken per midgut and all cells were counted within a 20,000 μm 2 area per image using ImageJ software. Staining intensity in the esg-GFP + cells for H3Ac, H4Ac and H3K27Ac was measured using ImageJ by manually circling the stained area within the cell nucleus.
Statistical analysis
Statistical analysis was performed using GraphPad Prism. The Student's ttest (unpaired, two-tailed) was used for comparing differences between mean values. The Chi square test was used to calculate significance for the MARCM analysis.
